Abstract: Hydroxyapatite (HAp), a major inorganic component of hard tissues, has been widely used as a novel scaffold for bone or tooth tissue regeneration. However, the effects of HAp on dental cells at the molecular level are poorly understood. In the present study, we evaluated the effects of HAp on differentiation-and mineralization-related gene expression in the dental epithelial cell line (HAT-7). HAT-7 cells were observed to spread on the surface of HAp sintered disks and to increase the expression of several differentiation-and mineralization-related genes. Furthermore, amelogenin and HAp synergistically induced differentiation resulting in increased amelogenin mRNA expression in HAT-7 cells. The results from this study provide important information to develop novel biomaterials for enamel regeneration.
INTRODUCTION
Amelogenin is a major component of enamel matrix proteins, accounting for more than 90% of enamel matrix proteins [1] . We have previously reported that amelogenins induce differentiation of the dental epithelial cell line (HAT- 7) and in an autocrine manner increase levels of amelogenin mRNA by enhancing its stability [2, 3] . Through this unique auto-regulatory mechanism amelogenins are produced in large quantities by ameloblasts and accelerate enamel formation. Ameloblastin, is another enamel matrix protein that comprises 5-10% of enamel matrix proteins [1] . It is a cell adhesion molecule that plays a role in maintaining the differentiation state of secretory ameloblasts [4] .
Enamel formation is a unique matrix protein-mediated biomineralization process. In the early stage the enamel matrix primarily comprises enamel matrix proteins, but the composition shifts from enamel matrix proteins to hydroxyapatite (HAp), the major non-organic component of the enamel matrix, and by the maturation stage is finally entirely replaced by HAp. HAp, as a major inorganic component of hard tissues, has been widely used as a novel scaffold for mineral-related tissue engineering [5] [6] [7] [8] [9] and as carrier for delivery of some growth factors [10] [11] [12] [13] [14] [15] . HAp-coated dental implants had been investigated clinically [16] [17] [18] [19] [20] [21] [22] [23] . The data suggest that HAp-coated implants may be able to maintain optimal osseointegration over time, though the molecular mechanisms by which HAp affects dental cell differentiation and mineralization are poorly understood [23] .
In present study, we evaluated the effects of HAp sintered disks on expression of cell differentiation-and mineralization-related genes in a dental epithelial cell line, and also evaluated the combined effects of amelogenin and HAp on differentiation. The data from this study will provide important information for tooth regeneration.
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MATERIALS AND METHODS

Preparation of HAp Sintered Disk
Single phase HAp powder was prepared by wet method from Ca (OH) 2 suspension adjusted to a pH 8 with H 3 PO 4 solution [24] . Spherical particles were obtained with a spraydryer and were calcined at 800°C for 1-3 h. Polyvinyl alcohol and triethylene glycol were then incorporated as binders. The green bodies were fabricated under a uniaxial pressure of 30 MPa and were then sintered in air at 1200°C for 3 h. HAp disks were polished with diamond abrasives (particle size, 3 m) to reduce the surface roughness and to obtain a mirrored surface. The polished disks were washed three times in distilled water in an ultrasound bath and were then annealed at 800°C for 1 h. The surface of the HAp sintered disks was imaged by scanning electron microscopy (SEM).
Cell Culture
HAT-7 cells, a dental epithelial cell line originating from apical bud of a rat incisor [25] were cultured in Dulbecco's Modified Eagle's Medium (DMEM)/F-12 (GIBCO BRL, USA) supplemented with 10% fetal bovine serum and penicillin (100 units/ml)/streptomycin (100 μg/ml). All cultures were maintained in humidified atmosphere of 5% CO 2 at 37°C.
Sample Preparation for Observation of Cell Morphology by Atomic Force Microscopy
Cells cultured on the surface of a HAp sintered disk were washed two times with PBS. Then the samples were fixed with 2.5% glutaraldehyde in PBS solution for 30 min, and then dehydrated in graded alcohol baths (50%, 70%, 90% and 100%) for 15 min, respectively. Samples were vacuum dried overnight then observed under an atomic force microsope (AFM) (Digital Instruments, Dimention 3100). The image was generated by simultaneous acquisition of height and phase signals.
RNA Extraction and Real-Time RT-PCR
The mRNA expression of differentiation-and mineralization-related marker genes was determined by quantitative real-time RT-PCR using SYBR green, as previously described [2] . Briefly, total RNA was extracted at various time points with ISOGEN (Nippon Gene, Japan). Total RNA (4 μg) was reverse transcribed into cDNA with Super Script First-Strand Synthesis System (Invitrogen, USA) according to the manufacturer's protocol. Expression data was normalized to the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an endogenous control. The primers for real-time RT-PCR were designed with PrimerExpress software (Applied Biosystems, USA) and are provided in Table 1 . Table 1 
Statistical Analysis
Data are presented as means ± SD. Single group comparisons were evaluated with the Student's t-test method. Statistical significance was set at * P < 0.01, ** P < 0.001.
RESULTS
Structure of HAp Sintered Disk Surface and Morphology of the HAT-7 Cell Cultured on the HAp Surface
To evaluate the effects of hydroxyapatite sintered disk on expression of cell differentiation-and mineralization-related genes in a dental epithelial cell line, we first visualized the surface structure of the HAp sintered disk by SEM. The SEM revealed various size hydroxyapatite crystals and smooth roughness in the surface of the disk (Fig. 1, left  panel) . HAT-7 cells cultured on the surface of a HAp sintered disk were spread taut (Fig. 1, right panel) . The attachment of the cells cultured on the surface of HAp sintered disk did not differ from that of cells cultured on the tissue culture polystyrene (TCP) plate (data not shown).
Effects of HAp on HAT-7 Cell Gene Expression
To investigate the effects of HAp on gene expression in dental epithelial cells, HAT-7 cells were cultured on the surface of a HAp sintered disk and the mRNA expression levels of various genes were determined. Amelogenin mRNA expression was found to be slightly increased at day 3 and day 7. Ameloblastin, osteopontin, bone sialoprotein, bone morphogenetic protein-2 and alkaline phosphatase mRNA expression increased significantly when the cells were cultured on the surface of a HAp sintered disk compared with that of cells cultured on a TCP plate (Fig. 2) . Up-regulation of these mRNAs was observed at day 1 and increased expression levels were maintained for the two-week experimental period (Fig. 2) . These results suggested that HAp contributes to dental epithelial cell differentiation and mineralization. 
Amelogenin Protein and HAp Synergistically Increase Amelogenin mRNA Expression
We have previously demonstrated that amelogenin protein induces HAT-7 cell differentiation and in an autocrine fashion results in an increase of amelogenin mRNA expression [2] . To determine whether amelogenin protein and HAp cooperate in inducing dental epithelial cell differentiation and mineralization, HAT-7 cells were cultured on a HAp sintered disk and in the presence of exogenous amelogenin proteins. Endogenous amelogenin mRNA expression was significantly and synergistically increased when the cells were cultured on HAp in the presence of amelogenin proteins (Fig. 3) . The synergistic effects of HAp and amelogenin protein application were not observed in the expression of mineralization-related genes such as ameloblastin and osteopontin (data not shown). These results suggested that amelogenin protein and HAp cooperate to induce differentiation of dental epithelial cells resulting in increased amelogenin mRNA expression.
Tooth tissue engineering, like other tissues, requires integration of three key elements: the responding progenitor/stem cells, growth factors, and the extracellular matrix scaffold. In a previous study, we demonstrated that BMP-2 induced dental epithelial cell differentiation resulting in increased amelogenin and ameloblastin mRNA expression in vitro [26] , suggesting that the BMPs have important role in the controlling differentiation of dental epithelial cells. We also previously reported that the enamel matrix protein amelogenin induced differentiation of the dental epithelial cell line (HAT-7) resulting in increased levels of amelogenin mRNA through enhancing mRNA stabilization in an autocrine manner [2, 3] . The current study, reveals that the primary inorganic component of enamel matrix, HAp, in-12.5 µm 12.5 µm creases differentiation of HAT-7 cells and induces expression of mineralization-related genes (Fig. 2) , suggesting that HAp plays a role in dental epithelial cell differentiation and mineralization. Furthermore, we find that amelogenin proteins and HAp cooperate to induce differentiation of dental epithelial cells resulting in even further induction of amelogenin mRNA expression, suggesting that cell-matrix interactions are important in enamel formation. 
DISCUSSION
The mechanisms involved in biological effects of HAp on the cells have been previously discussed [27, 28] . Calcium is a key component of the mineralized enamel matrix. The morphology of human ameloblast lineage cells is altered by increased calcium in the media, and differentiating ameloblast-lineage cells can be maintained in a functional state by culturing in the presence of 0.05 mM calcium [29, 30] . The calcium sensing receptor in enamel organ epithelialderived cells has been identified [31, 32] . These observations suggested a signal role for calcium in ameloblast lineage cell differentiation and mineralization. In the case of present study, when dental epithelial cells (HAT-7) were cultured on the surface of a HAp sintered disk, calcium released from the HAp sintered disk would able to promote HAT-7 cell differentiation and mineralization resulting in upregulation of differentiation and mineralization-related genes expression.
The excellent adsorptive capability and biocompatibility of HAp are believed to help adsorb activation factors from the medium, thereby inducing cell attachment, proliferation and/or differentiation. The data from in vitro organ culture suggests that BMP-2-soaked apatite induces functional differentiation of ameloblasts resulting in amelogenin secretion [33] . We have previously demonstrated that amelogenin protein was retaken up by the HAT-7 cells resulting in increased endogenous amelogenin mRNA expression through enhancing mRNA stabilization in the cytoplasm [2] . In the case of HAp and amelogenin protein co-application, HAp may adsorb exogenous amelogenin from the media facilitating the reuptake of amelogenin into the cytoplasm. In this way, HAp and amelogenin protein synergistically increase amelogenin mRNA expression.
In conclusion, we evaluated the biological effects of HAp on dental epithelial cells at the molecular level. The data from this study showed that HAp induced dental epithelial cell differentiation and mineralization through inducing expression of some genes. We proposed that amelogenin protein and HAp cooperate to induce differentiation of dental epithelial cells resulting in increased amelogenin mRNA expression. These results provide important information to develop novel biomaterials for enamel regeneration.
